Abstract-Monitoring the integrity of structures in the oil and gas industry is a mandatory task that helps preventing both natural disasters and economical losses. This paper presents the optimization of the geometry of a magnetic circuit for the detection of faults in a pipeline by the magnetic flux leakage method. The main goal of these efforts is to perform a sensitivity analysis on the geometrical parameters of the circuit to find configurations that improve the performance of the fault searching tool. The sensitivity analysis of the design parameters of the magnetic circuit is based on numerical evaluations of the performance of the tool using the finite element method. The commercial software selected for this analysis is COMSOL Multiphysics®. The results obtained in this investigation will identify the geometrical configurations that provide better performance, with respect to other configurations, for the detection of the same fault. The findings of this investigation can be utilized as guidelines for the design of magnetic circuits for non-destructive testing using the magnetic flux leakage technique.
I. INTRODUCTION
Magnetism, or magnetic force, is a physical phenomenon, in which some objects exert an attraction or repulsive force against other objects. Some known materials which have magnetic properties such as Nickel, Iron, Cobalt and their respective alloys, have the common name of permanent magnets. However, all materials can be influenced by the magnetic fields in a larger or smaller scale. Each material has unique features that can intensify the magnetic effect. The magnetic properties of most materials are highly sensitive to environmental changes such as temperature fluctuations [1] .
The magnetic flux leakage (MFL) technique is an electromagnetic method used for nondestructive testing, which detects reduction in thickness, cracks and any other anomalies that can be seen on the walls of oil pipelines, or metallic pieces in general. A nondestructive test does not permanently change the physical, chemical, mechanical or dimensional features of the material being tested. In general, the nondestructive test provides less exact data from the variable measured than the destructive test. However, the nondestructive test can be less expensive, because the piece analyzed is not broken during the test. In some cases the nondestructive test is used to verify the homogeneity and continuity of the analyzed material, and these results can be complemented by destructive testing. In the oil industry, these methods are used to inspect pipelines and to detect cracks, corrosion damage and leaks [2] .
Magnetic flux leakage is not the only way to inspect pipelines. Other available techniques are the ultrasound and eddy current methods. One of the main characteristics of MFL is that it uses a permanent magnet, strong enough to create a flux density in the material to be inspected near its saturation point. Furthermore, the geometry of the magnetic circuit must have the proper size to guarantee that the distance between the magnetic circuit and the wall of the pipeline do not change along the pipeline [3] .
The performance of the MFL tool can be improved by means of multiobjective optimization. This method consists of finding the optimal value for each parameter of the system; mathematically speaking, this value is usually a minimum or a maximum inside the function to evaluate, in this case the magnetic flux leakage.
II. MAGNETIC FLUX LEAKAGE (MFL)
In MFL technology, the principal function of the permanent magnets is to magnetize the steel pipe while the changes in the magnetic field -that occur in the presence of a defect -are registered and analyzed. The magnetic flux is uniform if the wall does not have any defects ( figure 1-a) . If internal or external defects are present, like corrosion damage or leaks, the magnetic flux is distorted beyond the wall and this "leakage" is measured, typically by effect hall sensors [4] . Figure 1 shows how the magnetic field lines behave when there is no defect ( Fig. 1-a) , and when there is a defect ( Fig. 1-b) . When a defect is detected, the magnetic field lines are distorted and the peaks they produce are detected by the sensor.
The Finite Element method (FEM) is appropriate to study the behavior of the magnetic circuit used in the MFL technique, because it allows the solution of non-lineal equations that can describe the physics of the system, and furthermore makes evaluating the value of the magnetic field at any point of the circuit possible. The goal of this study is to improve the leakage of the magnetic field in the presence of a defect. The leakage will be evaluated using FEM by changing the geometrical variables of the magnetic circuit and trying to find the best geometry of the system for the optimal leakage.
III. MODELING AND SIMULATION
Using the COMSOL® software [5] , the geometry that was used in this study is described in the Figure 2 . In this preliminary design the following parts can be observed: a yoke (1), two permanent magnets (2), pipe wall (3), and a defect (4) inside the pipe wall.
As a first approximation, the problem of inspecting pipes by means of the MFL technique can be studied in a simplified way as a magneto-static problem in two dimensions. The physical behavior of the magnetic field in the circuit is governed by the following Maxwell equations [6] : The materials used for the yoke and the pipe wall, were silicon steel and steel respectively. The yoke was chosen for being a ferromagnetic material and the steel was chosen for being a material used to build pipes. [7] After defining the materials of the system, it is important to define the boundary conditions. For this specific case, around the magnetic circuit there will be air with a permeability of 1. Although in order to define the behavior of the permanent magnets we will use magnetic flux conservation, located in the COMSOL® software for electromagnetic studies.
After defining the boundary conditions, the next step, is to define the type of mesh in the system. For this case we use a finer mesh with triangular elements and 59800 degrees of freedom, represented in figure 4. 
IV. RESULTS
With the geometry, materials, boundary conditions and mesh, we can now find the solution by using FEM, which is the magnetic flux that can be present in the magnetic circuit. The solution with a color graph is shown in the figure 5. To be able to make a graph of the magnetic flux leakage in the defect, we need to know the line inside the magnetic circuit where the graph is going to be made. Figure 6 show the line where the information for the graph was taken. Using that line we obtain the next graph which shows the length of the line versus the density of the magnetic flux. Figure 7 show the density of the magnetic flux that exists in the defect, where we can see that the peak is 0.36 [T].
V. SENSIBILITY ANALYSIS OF THE GEOMETRY
For the analysis of the sensibility of the magnetic circuit, the same previous study was performed, but this time one geometrical parameter of an element in the magnetic circuit, such as the length yoke or the height of the permanent magnets, was changed.
First, the analysis of the performance of the circuit varying the length of the yoke was carried out. The results of this test are presented in figure 8 . Figure 8 . Graph changing the length of the yoke After changing the height of the yoke, the next step is to change the height of the permanent magnets. The corresponding results for this test are shown in figure 9. Figure 9 . Changing the height of the magnets Figure 9 shows that for an increase or a reduction of 50% in the height of the permanent magnets, the magnetic flux does not change considerably.
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After changing the length of the yoke and the height of the magnets, it can also be seen how the magnetic flux changes when the geometry of the defect is changed. This is shown in figure 10 . Using the original geometry as the baseline, and changing now the thickness of the yoke, the results shown in figure 11 are obtained. 
VI. ANALYSIS
The results presented in figures 12 and 13 indicate that if the length of the yoke is reduced, the flux density increases, and if the length of the yoke is increased the flux density decreases. Also, it can be seen that the height of the magnets does not have much effect on the behavior of the flux density in the circuit. Comparing figures 9 and 13, it can be observed that the height of the magnets can change the flux density but not nearly as much as when the yoke is made longer or shorter. Moreover, if the defect is deep and narrow, it is easier to detect than a defect that is wide and superficial. Finally, we see that if we increase the thickness of the yoke the flux density increases.
With the help of figures 12 and 13, obtained by gradually changing the geometry of the circuit, it can be concluded that the greatest flux density is obtained with a yoke of approximately 130 mm length and 80 mm of thickness, and with a magnet of the appropriate height for the pipe to be inspected so it will not affect the behavior of the system. It is important to know that in these simulations the size of the pipe to be inspected was not considered, because this condition can change the boundary conditions or the geometry of the system. In addition, the permanent magnets only had a in the direction perpendicular to the sample under test.
VII. CONCLUSIONS
Using the COMSOL® software and FEM the magnetic flux density that exists in the defect can be calculated, using any configuration for the magnetic circuit with the corresponding materials, geometry and physics defined for a particular application.
Increasing the thickness and reducing the length of the yoke can help the magnetic circuit achieving a greater density flux for any type of defect.
The change of the geometry of the magnets does not substantially change the flux density of the circuit; however, a change in their behavior, and/or physics, can completely change the response of the system altogether.
The best geometry found is for a magnetic circuit whose yoke has 130 mm in length and 80 mm in thickness, and with a magnet of the appropriate height for the pipe inspected.
